Different characteristics of thermally stimulated luminescence and conductivity in insulator are numerically calculated without the quasi-equilibrium approximation. The results are compared with corresponding results calculated using the quasi-equiłibrium approximation. This comparison suggests that the quasi-equifibrium approximation is correct in the low temperature range of the thermally stimulated luminescence and conductivity curves for crystals which have the density of recombination centres higher than 10 13 cm 3 and the recombination coefficient larger than 10 -12 cm3 s-1 , or equivalently, for those with the initial free electron lifetime shorter than 10 -1 s. For the high temperature range of the thermally stimulated luminescence and conductivity curves the quasi-equilibrium approximation gives correct results if the recombination centres density is higher than 10 14 cm 3 and the recombination coefficient is larger than 10-12 cm3 s-1 or if the initial free electron lifetime is shorter than 10 -2 s. The results of this paper show also that the so-called "first-order" shape of the thermally stimulated luminescence and conductivity curves is likical not of the weak retrapping only, but it can be obtained ałso for the strong retrapping.
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Introduction
Measured thermally stimulated luminescence (TSL) and thermally stimulated conductivity (TSC) curves are often used for a study of the electron levels in insulating crystals (e.g. [1, 2] ). About 50 different methods of analysis of the TSL and TSC curves have been published (e.g. [1, 2] ). The formulas for these methods are derived on the basis of the socalled "quasi-equilibrium (QE) approximation" which assumes that [3] [4] [5] [6] [7] [8] :
where n is the density of thermally released electrons in the conduction band, h is the density of electrons trapped in the active traps, α is the density of holes in the recombination centres, τ is the free electron lifetime, and t is the time. Condition (2) means that electrons in the conduction band are in quasi-stationary state within the lifetime. The QE assumptions (1) and (2) are, however, not valid for any set of parameters of traps and recombination centres. The QE approximation was examined by several investigation [9] [10] [11] [12] [13] which have obtained inconsistent results. Kelly et al. [9] found that for low density of active traps (< 10 15 cm -3 ) assumptions (1) and (2) are not valid. Shenker and Chen [10] did not flnd such a restriction. In contradiction to those authors, Lewandowski and collaboration [11, 12] reported that assumption (2) is correct for the case of weak retrapping only. Recemtly published results of Opanowicz [13] also confirm the invalidity of conditions (1) and (2) for low values of densities of traps and recombination centres (10 12 cm -3 ). The above-mentioned authors studied the QE validity for the TSL and TSC curves calculated for different sets of recombination and trapping parameters.
The above-mentioned results suggest possible presence of inaccuracies in calculations using assumptions (1) and (2), in particular, using approximate formulas for calculation of the trap depth (e.g. [1, 2] ). A comparison of the results of the TSL and TSC characteristics calculated without and with the QE approximation are, however, not published. In this paper we have presented such a comparison of the TSL and TSC characteristics numerically calculated for different values of the recombination and trapping parameters. For consideration of the TSL and TSC processes an insulator model described by a set of kinetic rate equations is used.
Model and equations for describing; the TSL and TSC
In order to describe TSL and TSC phenomena many authors have used a recombination model of insulator having one kind of active (shallow) traps, one kind of thermally inactive (deep) traps, and one kind of recombination centres. It is assumed that the traps are donor-like and the recombination centres are acceptor-like imperfections. Because it is considered a compensated material, the density of recombination centres is equal to N = H + M , where N is the density of recombination centres, H is the density of active (shallow) traps, M is the density of inactive (deep) traps. The equations describing the model for n-type insulator ( Fig. 1) can be presented in the form (e.g. [3] [4] [5] [6] [7] [8] ):
where I = nαα is the luminescence intensity, α is the recombination coefficient of a free electron with a hole in the recombination centre, β is the trapping coefficient of empty active trap for a free electron, s = βNc is the frequency factor for the active trap, N is the density of states in the conduction band, v = s exp( -E/kT) is the probability (per second) of the electron escape from the active trap, Ε is the active trap depth, Τ is the temperature, k = 8.617x 10 -5 eV Κ-1 is the Boltzmann constant. For simplification it is assumed that α, β, and s are independent of the temperature.
Under assumptions (1) and (2) Eqs. (3)- (5) can be simplified and it is possible to decouple them and derive the equations for the TSL and TSC intensities, the "maximum condition" of the TSL curve, and the equation describing the temperature dependence of active trap occupancy [8] :
where w = dT/dt = const(T) is the heating rate of the sample, γ is the fractional recombination probability, Tn , is the temperature of the maximum intensity of the TSL (or TSC) curve, h0 is the initial density of electrons in the active traps, and where hr = h(Tm ), and the sum Σ(T) is expressed by where 1 determines number of terms, e.g. 1 = 20 was used in this paper. The formula for the fractional recombination probability ηΡ has the form [8] and the free electron lifetime is given by where α = M +h when condition (1) is fulfllled. The parameter γ shows whether the physical process (either recombination or retrapping) is dominant in the TSL (or TSC) at given temperature. The weak retrapping process (i.e. αα > β(Η -h)) corresponds to 0.5 < < 1, whereas the strong retrapping one (i.e. αα < β(Η-h)) is described by 0 < γ < 0.5. If γ 0.5 there is moderate retrapping (i.e. αα .^s β(Η -h)). Equations (6)- (12) were used for numerical calculations of different TSL and TSC characteristics in papers [8, 14, 15] .
Results of calculations and discussion
In order to examine assumptions (1) and (2) we have solved exactly Eqs. (3)- (5) for the previously studied cases [8, 14, 15] in which the QE assumptions were used. We have also solved Eqs. (3)- (5) without and with assumptions (1) and (2) for sets of trapping and recombination parameters other than used in [8, 14, 15] . The exact solutions of Eqs. (3)- (5) were found numerically using the Runge-Kutta 4th-order method [16] . The approximate Eqs. (6)- (9) were solved numerically using the Newton method [16] . The calculations were made for a set of parameters: E = 0.4 eV, α = 10 -12 to 10 -9 cm3 s -1 , β = 10 -13 to 10 -9 cm3 5-1 , s = 106 to 10 9 5-1 , H = 10 13 to 10 15 cm -3 , M = 10 11 to 10 15 cm-3 , and two values of initial fllling of the traps: h0 /H = 10 -3 and 1, and the value of the heating rate of the crystal w = 0.2 K s-1 . Different characteristics of the TSL and TSC processes were calculated: n
(T), h(T), dn(T)/dt, dh(T)/dt, dα(T)/dt , γ(T), τ(T)
, and the symmetry factor of the TSL (TSC) curve μ g = (Τ2 -Tm )/(T2 -Τι), where Τ1 and Τ2 are the temperatures at which the TSL (or TSC) intensity is equal to 0.5 of the maximum intensity, and Τ2 > Τι. curves and other characteristics of these curves are practically identical with the corresponding characteristics calculated using the QE assumptions in paper [15] . We present three examples of identical values of the TSL characteristics calculated without and with the QE approximation for the case of initial occupancy h 0 /Η = 10 -3 : Tm = 208.679 K, Τ2 = 218.185 K, and h r = 4.031 x 10 11 cm-3.
Some results of n, h, |dn/dt|, |dh/dt|, and |dα/dt| = I calculated for different temperatures and the parameters of the TSL and TSC of Fig. 2 are presented in Tables IA and lB. Comparing the values of n and h one can see that in both cases of trap occupancy (h0 = H (Table IA) , and h0 = 10 -3 Η (Table 'B)) assumption (1) is very well fulfilled (n/h < 10 -4 ). Similarly, the fulfilment of condition (2) is very good (|dn/dt| / |dh/dt| < 10 -4 ) and the approximate Eq. (2) (i.e. dh/dt = dα/dt) is valid with high accuracy. This suggests that our earlier calcula-lions presented in papers [8, 14, 15] are made practically without inaccuracies that the QE assumption can produce. It is seen from Fig. 2a and 2b that there are some differences between the curves of TSL and TSC calculated for h 0 /Η = 1 (curves 1). For example, the shape of the TSL curve is rather the "first-order" with μ g = 0.44 [3, 10] , whereas the TSC curve has typical "second-order" shape with μg = 0.53 [3, 10] . The maximum of the TSC curve is shifted towards high temperatures (Tm (TSC) = 199.37 K) in relation to the maximum of the TSL curve (Tm(TSL) = 189.91 K). These effects can be ascribed to the temperature dependence of the free electron lifetime τ in this case (e.g. τ(T = 160 K) = 1.0 x 10 -7 s, and τ(T = 220 K) = 9.3 x 10 -5 s). Namely, the increase in τ with temperature causes the observed differences between the TSL and TSC curves (e.g. [8] ) because of the relation n = Ιτ (see Eqs. (4) and (12)). On the other hand, the TSL and TSC curves have almost the same shapes and peak positions if τ = const(T). The TSL and TSC curves calculated for h0/Η = 10-3 ( Fig. 2a and 2b, The values of corresponding TSL and TSC characteristics show, however, small differences, in particular in the high temperature range of the TSL and TSC curves. Values of some TSL and TSC characteristics (T m , Τ11, T22, hm/h0, h 11 /h0 , h22 /h0 , /m, nm, γm = γ(T m ), and μg , where h11 = h(Τ 11 ), and h22 = h(Τ22), T11 and Τ22 are the temperatures at which the TSL (or TSC) intensity is equal to 0.01 of the maximum intensity, and Τ22 > Τ11) calculated with and without the QE approximation for two values of initial trap occupancies (h 0 /H = 1 and 10 -3 ) and other parameters, as in Fig. 3 , are compared in Tables h^A and HB. One should notice that the case h0/H = 1 refers to the weak retrapping (γm > 0.55) whereas the case h0/H = 10-3 corresponds to the strong retrapping process (γm 0.1). The values of the TSL intensities calculated with and without the QE approximation for h0/H 10-3 display considerable differences (Fig. 3a,  curves 2 ). In particular, in high temperature range (Τ > Τ2) the "approximate" (lap ) intensity of the TSL is much lower than the "exact" (I ex ) one (e.g. Iex/Iap 2 at Τ 320 K, and ti 4 at Τ = 330 K). Similar differences occur between the TSC curves calculated with and without the QE approximation for h0/H = 10 -3 (Fig. 3b, curves 2) . The differences between the values of the "exact" and "approximate" TSL characteristics calculated for h0/Η = 10 -3 are also observed in Tables ΙΙΑ and IIB (Table II) only small differences. The differences between "exact" and "approximate" data can be related to the validity of the QE approximation. Tables IIlA and IIIB present (1) is not fulfilled for Τ > 300 K. This is because h(Τ) decreases with increasing temperature faster than n(T) and the ratio of the 'initial values" (hm/nm)TSC (Table H) is not so large as in the case of Fig. 2 . For h 0 /H = 1 (weak retrapping) condition (2) is almost fulfilled for Τ < 300 K and is not realised for Τ > 300 K.
For this case the agreement of the approximate Eq. (2) (dh/dt ≈ dα/dt) is only rough for T> 300 Κ. For h0/Η = 10 -3 (strong retrapping) condition (2) is only roughly valid for Τ < 300 K, and it is invalid for Τ > 300 K. For this case similar conlusion can be derived for the approximate Eq. (2) (dh/dt dα/dt).
Differences between the TSL and TSC curves presented both in Fig. 3a and Fig. 4a can be explained as the effect of variable free electron lifetime above-described in the discussion of the TSL and TSC curves in Fig. 2a .
Comparison of the results for the case of Fig. 2a and 2b (QE valid) with the results for the case of Fig. 3a and 3b (QE valid partly) suggests that the density of recombination centres limiting the QE validity has the value between N = 10 13 and 10 15 cm-3 . This suggestion is confirmed by the results presented in Fig. 4a  and 4b and calculated for the recombination and trap densities greater by onè order (N = 1.01 xÍ0 14 cm-3 , H = 10 14 cm -3 , M = 10 12 cm-3) than the corresponding, densities used in the case of Fig. 3a and 3b . Namely, both TSL and both TSC curves presented in Fig. 4a and 4b, and calculated with and without the QE approximation for h0/H = 1 (weak retrapping), cannot be resolved (e.g. Τ22ex -Τ22ap < 0.1 K). 'Therefore, there is good agreement between the "exact" and "approximate" data. The "exact" and "approximate" TSL curves calculated for h0/Η = 10 -3 (strong retrapping) show only small differences at high temperatures (e.g. Τ22ex -Τ22ap < 1 K, Fig. 4a and 4a1, curves 2) . In the temperature range similar properties have also the "exact" and "approximate" TSC curves calculated for h0 /H = 10 -3 ( Fig. 4b and 4b1, curves 2) . The results presented in Tables IVA and IVB also show that the values of "exact" and "approximate" TSL (and TSC) characteristics are in good agreement. This agreement results from fulfilment of the QE conditions (1) and (2) (see Tables VA and VB) . Therefore, the results in Fig. 4 and Tables IV and V show that the density of recombination centres limiting the validity of the QE approximation is of the order 101 4 cm-3, if the recombination coefficient has the value 10 -12 cm3 s-1 , i.e. for N < 10 14 cm -3 , and α < 10 -12 cm3 s-1 the QE approximation is inaccurate. This conclusion is conflrmed by the calculation results of the TSL and TSC characteristics obtained for sets of recombination and trapping parameters (see above) other than those used in Figs. 2 to 4.
From condition (2) one can see that the free electron lifetime plays important role in reaching the QE state by electrons in the conduction band because of the relation |dn/dt| n/τ. Assuming that the recombination centres are initially fully occupied by the holes and their parameters have the limiting values N = 1014 cm -3 and α = 10 -12 cm3 s-1 , one obtains the initial value of free electron lifetime τ0 = 10-2 s. Therefore, the QE approximation is inaccurate for Τ0 > 10 -2 s. On the other hand, Kelly et al. [9] connected the QE validity with the density of active traps. They reported that the QE approximation is invalid if Η < 10 15 cm -3 Their results were, however, obtained for the case assuming absence of deep traps (M = 0, i.e. N = Η), which seems to be not fulfilled in real crystals. Shenker and Chen [10] studied the QE validity for the TSL and TSC curves calculated for large values of the recombination coefficients α > 10 -7 cm3 s-1 . They reported that QE approximation is valid for most of the temperature ranges of interest. On the other hand, Lewandowski et al. [11, 12] reported that the QE approximation is valid in whole temperature range of TSL and TSC only in the case of weak retrapping. They, however, calculated the TSL and TSC curves for very low densities of recombination and traps (N and H < 10 6 cm -3 ). In recent paper
Lewandowski et al. [12] present opinion that the QE state and strong retrapping are incompatible. Our results show that their opinion is, in general, not true, i.e. the QE approximation is valid for the case of strong retrapping if N > 1014 cm-3 and α > 10-12 cm3 s.
It should be noted also that the TSL and TSC curves (Figs. 2 to 4, curves 2) calculated for the case of strong retrapping (γm : 0.1 for h0/Η = 10 -3 )
have the "first-order" shape with μ g = 0.42-0.45 rather than the "second-order" one characterized by μg = 0.52 [1] [2] [3] . Our previous results [8, 14, 15] calculated with the QE approximation also show that in some cases the "flrst-order" shape of the TSL and TSC curves can be obtained for the strong retrapping process. Similarly, Shenker and Chen [10] have presented the TSL and TSC curves with μg = 0.42 calculated for the case of moderate retrapping (γm 0.5). Therefore, these results deny conventional opinion (e.g. [1] [2] [3] 11, 12] ) that the "first-order" shape of the TSL (or TSC) curve is typical of the case of weak retrapping only.
Concluding remarks
The results of this paper confirm, in principle, the presence of previously found [9, 11, 13] restriction of validity of the QE assumption for crystals with low density of imperfections.
The exact solutions of the kinetic equations describing the TSL and TSC show that the QE conditions n h and |dn/dt| 4Ζ |dh/dt are fulfilled in the low temperature range of the TSL and TSC curves if the density of the recombination centres is higher than 10 13 cm-3 and the recombination coefficient is larger than 10 -12 cm3 s-1 . On the other hand, in the high temperature range of the TSL and TSC curves the QE conditions are realized if the density of recombination centres is higher than 10 14 cm-3 and the recombination coefficient is larger than 10-12 cm 3 s 1 .
Comparison of the results of exact calculations with the results obtained using the QE approximation shows that this approximation yields results with high accuracy if n/h < 10-3 and |dn/dt| / |dh/dt| < 10 -3 . Accuracy sufficient for rough estimations has the results calculated with the QE approximation if n/h < 10-1 and |dn/dt| / |dh/dt| < 10 -1 only.
The equivalent condition for the QE approximation, |dn/dt' <ς n/τ, suggests that the free electron lifetime τ is responsible for occurrence of the QE state in thermally stimulated processes in insulating crystals. Our estimations show that for initial free electron lifetime τ0 < 10 -1 s the QE approximation gives accurate results in the low temperature range of the TSL and TSC curves. For the high temperature range of the TSL and TSC curves the validity of the QE approximation requires fulfilment of the condition τ 0 < 10 -2 s. The above-presented results suggest that before the use of the approximate formulas for evaluating the trap depth in insulating crystal it is necessary to know the value of recombination centres parameters or the value of initial free electron lifetime.
In agreement with the results of our previous papers [8, 14, 15] the results of this paper show that the TSL and TSC curves corresponding not only to the weak retrapping but also to the strong retrapping process can have the "first-order" shape. Therefore, these results show that the shape of the TSL and TSC curves can give no unique information about the recombination and retrapping processes in insulating crystals.
